ABSTRACT T h i s paper presents a t h e o r e t i c a l model and an a s s o c i a t e d computer program f o r p r e d i c t i n g subsonic bending-torsion f l u t t e r i n prcpfans. The model i s based on two-dimensional unsteady cascade s t r i p t h e o r y and three-dimensional steady and unsteady l i f t i n g s u r f a c e aerodynamic t h e o r y i n c o n j u n c t i o n w i t h a f i n i t e element s t r u c t u r a l model f o r t h e blade. The a n a l y t i c a l r e s u l t s compare w e l l w i t h p u b l i s h e d experimental data. A d d i t i o n a l param e t r i c s t u d i e s a r e a l s o presented i l l u s t r a t i n g t h e e f f e c t s on f l u t t e r speed o f steady a e r o e l a s t i c deformations, b l a d e s e t t i n g angle, r o t a t i o n a l speed, number o f blades, s t r u c t u r a l damping, and number o f modes. 
N; a l s o d i s t a n c e f r o m t h e a x i s o f r o t a t i o n b l a d e l e n g t h along t h e r e f e r e n c e 1 i n e t i m e v e c t o r o f b l a d e d e f l e c t i o n s a t g r i d p o i n t s v e c t o r o f steady s t a t e d e f l e c t i o n s a t g r i d p o i n t s steady s t a t e d e f l e c t i o n s due t o c e n t r i f u g a l loads steady s t a t e d e f l e c t i o n s a f t e r t h e i -t h i t e r a t i o
F values a t f l u t t e r p o i n t S u p e r s c r i p t s d
i f f e r e n t i a t i o n w i t h r e s p e c t t o t irne T transpose

I d i f f e r e n t i a t i o n w i t h r e s p e c t t o s p a t i a l c o o r d i n a t e INTRODUCTION --
The major g o a l s of p r o p f a n designs a r e t o maximize aerodynamic e f f i c i e n c y , minimize n o i s e and assure s t r u c t u r a l i n t e g r i t y . The aerodynamic and a c o u s t i c requirements o f propfans have r e s u l t e d i n desiqns w i t h t h i n , swept, and t w i s t e d blades o f low aspect r a t i o and h i q h s o l i d i t y compared t o convent i o n a l p r o o e l l e r s . These blades o p e r a t e i n subsonic, t r a n s o n i c , and p o s s i b l y supersonic f l o w s . Furthermore, propfans may have a s i n q l e r o t o r w i t h blades r o t a t i n g i n one d i r e c t i o n o r two r o t o r s r o t a t i n g i n o p p o s i t e d i r e c t i o n s . c a l l e d a s i n g l e r o t a t i o n , SR, p r o p f a n and t h e l a t t e r i s c a l l e d a c o u n t e r r o t a t i o n , CR, Dropfan.
The former i s
The unconventional f e a t u r e s o f t h e SR p r o p f a n add c o m p l e x i t y t o understanding t h e a e r o e l a s t i c phenomena i n v o l v e d and t o developing an a n a l y t i c a l a e r o e l a s t i c model. Since t h e blades a r e t h i n and f l e x i b l e , d e f l e c t i o n s due t o c e n t r i f u q a l and aerodynamic loads a r e l a r g e . Hence, t h e a e r o e l a s t i c problem i s i n h e r e n t l y n o n l i n e a r , r e q u i r i n g qeom e t r i c n o n l i n e a r t h e o r y o f e l a s t i c i t y . Also, t h e blades a r e o f low aspect r a t i o w i t h l a r g e sweep and, hence, r e q u i r e three-dimensional steady and unsteady aerodynamic models f o r a c c u r a t e a n a l y s i s . The blades have l a r q e sweep and t w i s t , which couples b l a d e bendinq and t o r s i o n a l motions, and a r e p l a t e -l i k e s t r u c t u r e s because o f t h e i r low aspect r a t i o . These f a c t o r s r e q u i r e a f i n i t e e l ement s t r u c t u r a l model which accounts f o r c e n t r i fugal s o f t e n i n g and s t i f f e n i n q e f f e c t s and p o s s i b l y f o r C o r i o l i s e f f e c t s . The c e n t r i f u q a l s o f t e n i n g terms a r e i m p o r t a n t because o f l a r g e b l a d e sweep and f l e x i b i l i t y . more blades which n e c e s s i t a t e t h e i n c l u s i o n o f aerodynamic c o u p l i n g o r cascade e f f e c t s between t h e blades. The f l e x i b i l i t y o f t h e hub i n t r o d u c e s a d d i t i o n a l s t r u c t u r a l c o u p l i n q between t h e b l a d e s o f a r o t o r . Furthermore, t h e aerodynamic and s t r u c t u r a l p r o p e r t i e s o f t h e i n d i v i d u a l blades may d i f f e r f r o m each o t h e r . d i f f e r e n c e s r e q u i r e s e x p l i c i t c o n s i d e r a t i o n o f b o t h s t r u c t u r a l and aerodynamic m i s t u n i n g i n t h e analyt i c a l a e r o e l a s t i c model. A d d i t i o n a l l y , f o r t h e CR propfan, t h e r e i s aerodynamic i n t e r a c t i o n between t h e blades o f t h e two r o t o r s . Because o f t h e s e unique f e a t u r e s o f b o t h t h e SR and CR concepts, i t i s n o t p o s s i b l e t o d i r e c t l y use t h e e x i s t i n q aeroe l a s t i c technology o f c o n v e n t i o n a l p r o p e l l e r s o r o f c o n v e n t i o n a l t u r b o f a n s o r o f h e l i c o p t e r s .
The p r o p f a n r o t o r has f o u r o r
The presence o f t h e s e As a p a r t o f t h e o v e r a l l NASA s i n g l e r o t a t i o n Dropfan technology proqram, a s e r i e s of 0.61 m ( 2 f t ) diameter q e o m e t r i c a l l y s c a l e d models were t e s t e d i n wind t u n n e l s and on a NASA a c o u s t i c r e s e a r c h a i r c r a f t . The t e s t s and r e s u l t s a r e summarized i n Ref. 1 . t h e CR concept i s v e r y l i m i t e d . However, t h e b e n e f i t s o f t h e CR concept a r e discussed i n Ref. 2 .
The p u b l i s h e d l i t e r a t u r e on 2
The p r e s e n t paper addresses t h e a e r o e l a s t i c aspects of t h e SR p r o p f a n only. C l a s s i c a l f l u t t e r o f a SR p r o p f a n occurred unexpectedly d u r i n g a p r e v i o u s wind t u n n e l performance experiment on a model (designated SR-5) w i t h t e n h i g h l y swept t i t a n i u m blades. presented experimental d a t a o f t h e SR-5 model and c o r r e l a t e d t h e d a t a w i t h theory. I n Ref. A d d i t i o n a l subsonic wind t u n n e l f l u t t e r data, o b t a i n e d b y t e s t i n g a composite p r o p f a n model, SR3C-X2 ( F i g . l ) , were presented i n Ref. 6 . A three-dimensional steady and unsteady aerodynamic t h e o r y f o r propfans w i t h subsonic l e a d i n g edge was presented i n Ref. 7 , and t h e t h e o r y was a p p l i e d f o r p r e d i c t i n g f l u t t e r f o r one t e s t case o f t h e wind t u n n e l inodel o f Ref. 6 .
Reference 3
The s p e c i f i c o b j e c t i v e s o f t h e present invest i g a t i o n are: (1) t o develop a modal f l u t t e r anal y s i s method which uses b o t h two-dimensional and three-dimensional steady and unsteady aerodynamics; ( 2 ) t o conduct p a r a m e t r i c s t u d i e s t o a s c e r t a i n the e f f e c t o f steady a i r l o a d s on frequencies, modes and f l u t t e r speed, and t h e e f f e c t of number o f blades, b l a d e s e t t i n g angle and b l a d e s t r u c t u r a l damping on f l u t t e r speed; ( 3 ) t o v a l i d a t e a n a l y t i c a l models b y c o r r e l a t i n g a n a l y t i c a l and measured f l u t t e r speeds o f t h e SR3C-X2 p r o p f a n model; and ( 4 ) t o examine t h e l i m i t a t i o n s o f two-dimensional unsteady aerodynamic t h e o r y f o r p r o p f a n f l u t t e r analysis. accomplish t h e o b j e c t i v e s , a computer program ASTROP ( A e r o e l a s t i c S t a b i l i t y and Response of Prop u l s i o n Zystems) was-developed. w i t h two-dimensional unsteady aerodynamic t h e o r y c o r r e c t e d f o r b l a d e sweep. T h i s v e r s i o n i s design a t e d ASTROP2. Subsequently, i t was enhanced by i n c l u d i n g three-dimensional steady and unsteady aerodynamics i n a v e r s i o n c a l l e d ASTROP3. ASTROP can use COSMIC NASTRAN8 o r any o t h e r f i n i t e e l ement code t o c a l c u l a t e b l a d e steady s t a t e deflect i o n s , mode shapes, and frequencies. P r e s e n t l y , COSMIC NASTRAN i s used. T h i s paper describes the a n a l y t i c a l method and t h e ASTROP code and presents p a r e m e t r i c r e s u l t s which a r e b e l i e v e d t o be useful f o r p r o p f a n designers and o t h e r i n v e s t i g a t o r s i n t h e f i e l d .
To
ASTROP was s t a r t e d
The p r e s e n t work has been extended i n Ref. 9 t o i n c l u d e t h e e f f e c t s o f b o t h s t r u c t u r a l and aerodynamic m i s t u n i n g on p r o p f a n f l u t t e r .
ANALYTICAL FORMULATION
The c o o r d i n a t e system used f o r developing the e q u a t i o n o f motion o f a r o t a t i n g p r o p f a n blade i s shown i n F i g . 2. The p r o p f a n r o t a t e s about t h e X-axis which i s a l i g n e d w i t h t h e f r e e s t r e a m direct i o n . a x i s and t h e Z-axis i s p e r p e n d i c u l a r t o t h e X-Y plane. 
where { u } r e p r e s e n t s t h e b l a d e d e f l e c t i o n s a t t h e q r i d p o i n t s , [M] i s t h e mass m a t r i x , [Ks] t h e c e n t r i f u g a l s o f t e n i n g m a t r i x , [ K { ( u ) I] t h e nonl i n e a r s t i f f n e s s m a t r i x , { P ( { u l , t ) j t h e e q u i v a l e n t aerodynamic nodal f o r c e v e c t o r , and { F ( t ) ] t h e e q u i v a l e n t nonaerodynamic f o r c e v e c t o r . t h e l a r g e d e f l e c t i o n s and t h e consequent need f o r t h e qeometric n o n l i n e a r t h e o r y o f e l a s t i c i t y i n which t h e s t r a i n and displacement r e l a t i o n s a r e n o n l i n e a r , t h e s t i f f n e s s m a t r i x [ K ( { u ] ) ] i s a f u n c t i o n o f nodal displacements and, hence, i s nonl i n e a r . The l e v e l o f t h e geometric n o n l i n e a r t h e o r y o f e l a s t i c i t y used h e r e i n as w e l l as i n NASTRAN, i s t h e one i n which e l o n g a t i o n s and shears a r e n e g l i g i b l e compared t o u n i t y . T h i s e x p l i c i t c o n s i d e r a t i o n o f geometric n o n l i n e a r t h e o r y o f e l a s t i c i t y p r o v i d e s t h e a d d i t i o n a l geometric d i ff e r e n t i a l s t i f f n e s s due t o c e n t r i f u g a l s t i f f e n i n g terms. The displacement dependent c e n t r i f u g a l s o f t e n i n g terms a r e i n c l u d e d i n t h e m a t r i x [KS], which i s l i n e a r . The r o t a t i o n a l s o i n t r o d u c e s C o r i o l i s forces, b u t t h e y a r e shown t o b e n e g l i gi b l e f o r t h i n p r o p f a n blades i n Ref. 10 . Hence, t h e y a r e n o t i n c l u d e d i n t h e p r e s e n t f o r m u l a t i o n .
Because of L i n e a r i z a t i o n o f Equations
Equation (1) i s q e n e r a l l y n o n l i n e a r and i s v a l i d f o r c a l c u l a t i n g s t a l l e d and u n s t a l l e d f l u t t e r speed, f o r c e d response, a e r o e l a s t i c performance, steady-state d e f l e c t i o n s , f r e q u e n c i e s and mode shapes. An a p p r o p r i a t e s o l u t i o n method i s t o d i r e c t l y i n t e g r a t e i n t i m e domain, b u t i t i s comput a t i o n a l l y i n e f f i c i e n t . Common p r a c t i c e i s t o p e r t u r b i t about a steady-state c o n f i g u r a t i o n b y w r i t i ng
where { u o l , { P ( { u o ] ) , and { F 1 a r e t h e steady s t a t e values o f {u), I P ( { u l , t ? I , and { F ( t ) l , r e s p e c t i v e l y . The q u a n t i t i e s {AU( t ) } , {AP( {Au),t) 1 ,
and I A F ( t ) l a r e p e r t u r b a t i o n s f r o m {uo}, {P( { u o ] ) } , and {Fo}, r e s p e c t i v e l y . The p e r t u r b a t i o n aerodynamic f o r c e i s s p l i t i n t o m o t i o n dependent ( {AP({AUI,~)I)
and motion independent ( { A P w ( t ) 1 ) p a r t s f o r convenience i n f o r c e d response a n a l y s i s . S u b s t i t u t i n g Eq. ( 2 ) i n t o t h e n o n l i n e a r Eq. ( 1 ) l e a d s t o two s e t s o f equations: one steady-state e q u a t i o n f o r {u?} p e r t u r b a t i o n v a r i a b and another f o r t h e . e I A u ( t ) } . These a r e
Steady-State Configuration and Vibration Analysis
The steady-state configuration for a given rotational speed and Mach number is obtained by solving the nonlinear Eq. (3) . The stiffness matrix [K( Iuol)] includes elastic stiffness and differential stiffness due to centrifugal stiffening loads and steady-state aerodynamic loads. Once the steady-state deflection and the effective total stiffness are known from Eq. ( 3 ) , the vibration frequencies and mode shapes are calculated by solving
which leads t o the generalized mass matrix [Mg], the modal matrix [a], and the modal frequencies "j.
Flutter and Forced Response by the Modal Method
The general vibratory motion can be expressed as a superposition of the contributions of the various normal modes: (6) Substituting Eq. (6) into Eq. (4) and postmultiplying the result by [elT leads to
where
I
The order of Eq. (7) depends on the number of modes included in Eq. (6) . determined by performing numerical experiments, which will be explained later. The structural damping in each mode is introduced through the damping ratio 6.j where the modal index j = 1,2,3 . . . The generalized aerodynamic matrix is represented by [A] for each interblade phase angle for simple harmonic motion of the blade. The motion independent aerodynamic and nonaerodynamic forces are represented by {G(t)l for each interblade phase angle. This is included for completeness in the formulation, but no results on forced response will be presented in this paper. For simple harmonic motion the flutter eigenvalue problem can be rewritten from Eq. (7) I ASTROP COMPUTER CODE The ASTROP code is based on the normal mode method and is for flutter, forced response, and whirl flutter analysis of propulsion systems. Only the flutter part of the code that uses twodimensional subsonic unsteady aerodynamics (ASTROPZ) and three-dimensional subsonic steady and unsteady aerodynamics (ASTROP3) are used in the present investigation. are written in FORTRAN. Data transfer between NASTRAN and aerodynamic codes in ASTROP is made through interfacing subroutines. This code is operational on a CRAY-XMP computer.
Both versions of the code
ASTROP2
The input to ASTROPZ and the steps involved for solving the flutter problem are shown in the form of a flow chart in Fig. 4 . The input consists of blade geometry described by the grid point coordinates in the XYZ system (Fig. 2 ) and the modal information--frequencies, mode shapes, and generalized masses. For calculating modal information, the equivalent anisotropic material properties for each element are generated by using a preprocessor code COBSTRAN (Ref. 11). The main step, which is No. 3 in Fig. 4 , is the calculation of the generalized aerodynamic matrix [A] by using normal modes and an aerodynamic strip representation of the blade. The blade is divided into a series of discrete aerodynamic strips of constant properties, and one of these strips is shown in Fig. 2 . Each swept strip has two motions, plunging and pitching about an arbitrary reference line. The lift and moment equations for each section are obtained by extending the unsteady equations for a swept wing generated in Ref. 12 to a linear cascade case. This extension was implemented for the first time in Ref. 3 '15 = 7 t a n A 5 2 b a t a n A '16 = k 2 b4 i 123 = t a n x ( a -lah) b 5 i t a n A [-3 ( 1 2) +; ( ;
'25 = 7 a t a n 2 A lZ6 = 7 -b6 t a n 2 A (1 B + a 2)
The d e f i n i t i o n s o f t h e unsteady c o e f f i c i e n t s lhh, ]ha, e t c . a r e t h e same as t h o s e i n Ref. 13 and t h e s e a r e c a l c u l a t e d by u s i n g t h e t h e o r y presented i n Ref. 14 f o r each i n t e r b l a d e phase angle. For each s t r i p t h e q u a n t i t i e s h and a a r e expressed i n terms o f normal modes and normal coordinates, and t h e gap-to-chord r a t i o , sweep angle, and s t a g g e r angle a r e c a l c u l a t e d f r o m t h e steady-state c o n f i g u r a t i o n . 
The e f f e c t i v e Mach number f o r each s t r i p i s o b t a i n e d f r o m t h e r e l a t i v e v e l o c i t y and t h e sweep
a n a l y s i s i s based on three-dimensional subsonic c o m p r e s s i b l e l i f t i n g s u r f a c e t h e o r y i n which b l a d e s t a l l and t r a n s o n i c shock waves a r e n o t i n c l u d e d .
The i n p u t t o ASTROP3 and t h e s o l u t i o n proce-
The aerodynamic dure a r e almost t h e same as t h o s e f o r ASTROP2. However, t h e e f f e c t o f steady three-dimensional a i r l o a d s i s i n c l u d e d i n c a l c u l a t i n g t h e steadys t a t e c o n f i g u r a t i o n and t h e d i f f e r e n t i a l s t i f f n e s s i n s t e p s 3 t o 6 o f Fig. 5 . T h i s f e a t u r e a l s o p r ov i d e s t h e steady a e r o e l a s t i c performance a t each i t e r a t i o n o f t h e n o n l i n e a r s o l u t i o n o f Eq. ( 3 ) . The performance r e s u l t s can be p r i n t e d i n s t e p 6 o f F i g . 5.
The i t e r a t i v e -i n t e r a c t i o n process, s t e p s 4 t o 6, i s c o n t i n u e d u n t i l t h e d e f l e c t i o n f r o m t h e ( i + l ) t h i t e r a t i o n i s equal t o t h a t f r o m t h e i t h i t e r a t i o n . Then, t h e f r e q u e n c i e s and mode shapes a r e c a l c u l a t e d i n s t e p 7.
The g e n e r a l i z e
The e n t i r e RESULTS AND DISCUSSION
The p r o p f a n f l u t t e r r e s e a r c h model, Fig. 1 
The geometric mida t t h e t i p and t h e t i p d i a m e t e r The b l a d e mass r a t i o i s approxThe model has been t e s t e d f o r f l u t t e r D e t a i l s on t h e
T h e f i n i t e element model of t h e blade (Fig. 3 Frequencies and Mode Shapes blade natural frequencies with r o t a t i o n a l speed i n vacuum. The measured bench natural frequency band of t h e e i g h t blades i s shown f o r comparison. The frequencies a r e calculated with c e n t r i f u g a l loads ( C L ) f o r a l l rotational speeds and with centrifugal loads and steady three-dimencional a i r l o a d s (CL + A L ) a t 6100 rpm by t h e procedure described i n Fig. 5 ( s t e p s 1 t o 7 ) . Figure 7 shows hologram photos of t h e measured modes and t h e corresponding calculated modes. The holograms f o r only t h e f i r s t two modes a r e included because i t will be shown l a t e r t h a t t h e f l u t t e r mode i s a combination of t h e f i r s t two modes. displacement contours, t h e whitest ones being nodes. measured and calculated frequencies f o r t h e f i r s t mode c o r r e l a t e b u t the measured frequencies f o r t h e second t o 4th mode are lower than t h e calculated ones. n i f i c a n t e f f e c t on the frequencies.
The f i r s t mode frequency increases with an increase i n r o t a t i o n a l speed. This trend i s expected because of c e n t r i fugal s t i f f e n i n g . The second and t h i r d mode frequencies do not change s i g n i f i c a n t l y with rotat i o n a l speed. I t can be seen from t h e contour p l o t s t h a t t h e f i r s t mode i s primarily f l e x u r a l b u t a l s o has a l a r g e degree of torsion and t h e second mode i s primarily torsion near t h e t i p . The correl a t i o n between theory and experiment f o r the f i r s t two modes i s reasonably good and f o r t h e higher modes t h e c o r r e l a t i o n i s poor.
between t h e average measured (375 Hz) and t h e calculated frequency (399 Hz) f c r the second mode i s a t t r i b u t e d t o t h e modeling of t h e composites and/or t o root e f f e c t s . Even though t h e e f f e c t of aerodynamic loads on frequencies i s small, i t s e f f e c t on d e f l e c t i o n , p a r t i c u l a r l y a t t h e t i p , i s apprec i a b l e i n some cases and will be discussed l a t e r .
Figure 6 shows the v a r i a t i o n of t h e SR3C-XZ
The f r i n g e s represent constant
I t can be seen from the f i g u r e t h a t t h e Also, t h e steady a i r l o a d s do not have sig-
The difference t h e steady s t a t e configuration with centrifugal loads ( C L ) ; f o r i t e r a t i o n ' 2 ' t h e blade steadys t a t e configuration w i t h centrifugal loads and t h e aerodynamic loads on the configuration obtained i n i t e r a t i o n '1'; f o r i t e r a t i o n ' 3 ' t h e steady s t a t e configuration with centrifugal loads and aerodynamic loads on t h e configuration from i t e r a t i o n ' 2 ' ; and so on.
Effect of Centrifugal Loads and Steady Airloads on Blade Steady S t a t e Configuration ---___
Figure 8 shows the v a r i a t i o n of t h e blade steady-state p i t c h angle a t t h e three-quarter radius with i t e r a t i o n number from t h e nonlinear a e r o e l a s t i c analysis w i t h r o t a t i o n a l speed and
t h a t the c e n t r i f u g a l loads untwist t h e blades and t h i s untwist increases with r o t a t i o n a l speed. The
The nonlinear a n a l y s i s pro-I t can be seen from t h e f i g u r e untwist p g l e a t 0.75R f o r 7400 rpm i s approximately 2 . The aerodynamic loads a l s o untwist the blade and c o n t r i b u t e an additional untwist a t t.75R f o r 7400 rpm and M = 0.5 of approximately 0.65 .
The convergence with both c e n t r i f u g a l and aerodynamic loads i s accomplished with f i v e i t e r a t i o n s . I n other words the aerodynamic loads have t o be updated a t l e a s t f o u r times i n t h e analysis. The converged position i s designated by CL + AL. In addition t o blade p i t c h angle change, t h e r e i s a change i n blade camber, p a r t i c u l a r l y a t t h e blade t i p . These changes have a very s i g n i f i c a n t e f f e c t on blade performance, a s well as, on f l u t t e r ; and t h e e f f e c t i s expected t o be even more s i g n i f i c a n t i n transonic flows. T h u s , one should include steady a i r loads in performance, f l u t t e r and forced response a n a l y s i s of propfans.
Effect of Unsteady Cascade Aerodynamics on Rlade
Flutter-------
To i l l u s t r a t e t h e e f f e c t of cascade aerodynamics on f l u t t e r , t h e r e a l and imaginary p a r t s of t h e eigenvalues of t h e c r i t i c a l f l u t t e r mode of t h e SR3C-X2 wind tunnel model a r e shown i n Fig. 9 . These r e s u l t s a r e obtained by using t h e procedure described i n 
. Because of t h e aerodynamic i n t e r a c t i o n (cascade e f f e c t ) between the blades, t h e s i n g l e point s p l i t s i n t o 4 and 8
f o r the four and e i q h t blade cases, respectively.
When these points a r e joined, a rough e l l i p s e i s formed f o r each case. The d e s t a b i l i z i n q influence of t h e cascade e f f e c t i s indicated by the length of t h e semi-major a x i s of t h e e l l i p s e . The r e s u l t s c l e a r l y show t h a t t h e cascade e f f e c t i s very sign i f i c a n t even f o r t h e case of four blades. This i s confirmed b y t h e experiment as will be shown in t h e l a t e r r e s u l t s . The other point t o be noted from t h i s f i g u r e i s t h a t t h e most c r i t i c a l f l u t t e r i n t e r b l a d e phase angle f o r t h e e i q h t blade c a s e i s 225", which i s a three nodal diameter backward t r a v e l i n q wave in the notation employed herein, and t h a t f o r t h e f o u r blade case i t i s 180 .
Effect of Freestream Mach Number on Effective
Since t h e r e a r e e i g h t E f i g Figure 10 shows the v a r i a t i o n of the r e a l p a r t of t h e eigenvalue with freegtream Mach number a t n = 6080 rpm, 6 0 . 7 5~ = 61.6 , and
The r e a l p a r t of t h e eigenvalue i s proportional t o modal damping. The r e a l p a r t of t h e eigenvalue i s p l o t t e d f o r t h e c r i t i c a l f l u t t e r mode only.
t h e c a s e of no s t r u c t u r a l damping, 5 = 0, the r e a l p a r t of t h e eigenvalue i s almost constant f o r Effect of_ S t r u c t u r a l Damping introduced i n t o t h e a n a l y s i s , Eq. ( 8 ) , through t h e viscous damping r a t i o . u r = 225'.
For
As mentioned e a r l i e r , s t r u c t u r a l damping i s The e f f e c t of s t r u c t u r a l Fig. 10 . f i g u r e t h a t a damping r a t i o of 0.02 i n each mode has increased t h e f l u t t e r Mach number from 0.595 t o 0.615. Also, t h e r e s u l t s show t h a t a s t r u c t u r a l damping r a t i o of 0.04 i n each mode increases the e f f e c t i v e damping r a t i o only t o 0.024 f o r t h e c r i t i c a l mode. T h u s t h e e f f e c t i v e damping i s not increased by the f u l l amount of the added struct u r a l damping. The e f f e c t i v e damping r a t i o i s the r a t i o of t h e real and imaginary p a r t s of t h e eigenvalue. T h e value of t h e damping r a t i o f o r composi t e blades of t h e SR3C-X2 model i s of t h e order of 0.02. Since t h e value of 5 and the consequent increase i n f l u t t e r Mach number f o r t h e SR3C-X2 blades a r e small, a l l t h e analytical predictions i n t h i s paper a r e made with 5 = 0. Consequently, the a n a l y t i c a l r e s u l t s a r e s l i g h t l y conservative.
Comparison of Calculated and
angles 61.6", 56.6', and 68.4 a r e considered f o r comparison. The steady s t a t e confiqur a t i o n s t h a t might be used i n various degrees of approximation are: ( I ) undeflected position, UP, ( 2 ) deflected position w i t h c e n t r i f u g a l loads, CL; and ( 3 ) deflected position with c e n t r i f u g a l and three-dimensional steady a i r l o a d s , CL + AL. The possible perturbation cases a r e designated by modes and frequencies and these are: ugal loads, CL; ( 2 ) with c e n t r i f u g a l loads and corrected second mode frequency, CL and f 2 = 375 Hz; ( 3 ) with centrifugal loads and three-dimensional airloads, CL + AL; and ( 4 ) same a s t h r e e with f 2 = 375 Hz. f ( 2 ) = 375 Hz i s included because the measured nonr o t a t i n g frequency f o r the second mode i s 375 Hz and t h e calculated value i s 399 Hz. Since t h i s frequency, as shown by theory, Fig. 6 , i s independent of r o t a t i o n a l speed, the measured value i s used i n f l u t t e r speed calculations. To minimize computational time, a l l these p o s s i b l e confjgurat i o n s a r e considered only f o r 0 0 . 7 5~ = 61.6 .
I t can be seen from the
The calculated f l u t t e r boundaries f o r various (1) with c e n t r i f -
The case with
Correlation of calculated and measured f l u t t e r Mach numbers. -Comparing t h e c a l c u l a t e d Mach numbers f o r the case i n which t h e UP as t h e steady s t a t e and t h e CL a s the perturbation s t a t e wiih the measured ones i n Fig. l l ( a ) f o r 8 0 . 7 5~ = 61.6 , t h e c o r r e l a t i o n between theory and experiment i s very good f o r R = 5280 and 6080 rpm. However, the calculated Mach number f o r n = 7320 rpm i s s l i g h t l y higher than the measured value.
comparison with t h e same steady and perturbation s t a t e s i n Fig. l l ( b ) f o r 8 0 .~5~ = 56.6" and i n predicted slope of the f l u t t e r boundary l i n e f o r a l l t h e blade p i t c h angles agrees well with t h a t of t h e experiment. t h a t f o r a given rpm t h e freestream f l u t t e r Mach number decreases with an increase in t h e blade p i t c h angle. For example, when n = 6000 rpm, the f l u t t e r Mach number i s 0.62 f o r a blade p i t c h angle i s 56.6' (Fig. l l ( b ) ) , and i s 0.6 f o r a p i t c h angle i s 61.6' (Fiq. l l ( a ) ) . The comparisons made in Fiq. 11 f o r t h e eightblade c a s e with the steady s t a t e UP and t h e perturbation s t a t e C L a r e repeated in Fig. 12 f o r t h e four-blade case. As can he seen, t h e c o r r e l a t i o n between theory and experiment again i s very qood. However, t h e d i f f e r e n c e between t h e calculated and measured f l u t t e r Mach numbers f o r t h e four-blade case i s s l i g h t l y g r e a t e r . theory may b e overcorrecting f o r t h e aerodynamic cascade e f f e c t s f o r t h e four-blade case.
I t implies t h a t t h e
Effect of change i n steady s t a t e configuration d u e t o c e n t r i f u g a l loads. -Calculated f l u t t e r Mach numbers with t h e steady s t a t e UP and t h e perturbat i o n CL a r e compared i n Figs. 11 and 1 2 with the corresponding calculated ones with t h e steady and perturbation s t a t e s a s CL f o r a l l t h e blade p i t c h angles. I t i s evident from t h e r e s u l t s t h a t the change i n t h e steady s t a t e from UP t o t h e CL does not have an appreciable e f f e c t on f l u t t e r Mach numbers.
S e n s i t i v i t y of f l u t t e r Mach number t o
--frequency. -Comparison OF calculated f l u t t e r Mach numbers with t h e steady s t a t e UP and t h e perturbat i o n s t a t e a s CL with correqponding calculated ones with the same steady s t a t e and the perturbation s t a t e and f 2 = 375 Hz shows t h a t t h e f l u t t e r speed i s very s e n s i t i v e t o change in the second mode frequency f o r a l l t h e cases i n Fiqs. 11 and 12. For example, t h e f l u t t e r Mach number i s decreased from 0.6 t o 0.55 a t (Fig. l l ( a ) ) when t h e second mode frequency i s reduced from 399 t o 375 Hz.
l a t e d f l u t t e r Mach numbers with t h e steady s t a t e
UP and the perturbation s t a t e CL, f 2 = 375 Hz with the corresponding measured ones i n Figs. 11 and 12, one can i n f e r t h a t t h e calculated Mach numbers a r e s l i q h t l y l e s s than t h e measured ones f o r a l l t h e blade o i t c h anqles (Fiqs. l l ( b ) t o ( c ) ) with e i q h t blades and f o r t h e blade p i t c h anqle 56.6' (Fig. 1 2 ( b ) ) with f o u r blades.
the experimental boundary f o r these cases l i e s between t h e two calculated boundaries. However, when the blade p i t c h angle i s 61.6' with f o u r blades, t h e experimental boundary agrees well with the calculated one with t h e steady s t a t e UP and t h e perturbation s t a t e CL and f 2 = 375 Hz.
can be seen i n Figs. 1 2 ( a ) and ( b ) , t h e r e i s a kink i n f l u t t e r boundary, and t h e kink was predicted i n Effect of steady a i r loads on f l u t t e r speed. -F l u t t e r Mach numbers calculated with t h e CL f o r both the steady and perturbation s t a t e s a r e compared i n Fig. l l ( a ) with t h e corresponding ones with the CL + AL f o r both the steady and perturbat i o n s t a t e s . I t i s evident from t h e r e s u l t s t h a t the steady a i r l o a d s have a s i g n i f i c a n t influence on f l u t t e r speed. The influence increases with increasing r o t a t i o n a l speed. For example, t h e increase i n predicted Mach number i s 0.01 a t R = 5280 rpm, and 0.02 a t n = 6080 rpm, and 0.05 a t n = 7370 rpm. Even thouqh t h e change i n model frequencies due t o steady s t a t e a i r l o a d s i s small, t h e r e i s a s i g n i f i c a n t change in blade camber and mode shapes a t higher rpm. Thus, t h e increase i n f l u t t e r speed a t hiqher rpm due t o steady a i r l o a d s i s a t t r i b u t e d t o (1) small changes i n modal frequencies, ( 2 ) mode shape changes, and ( 3 ) change i n blade steady s t a t e angle and hence blade stagger angle. The change in flutter Mach number with steady airloads due to a reduction in second mode frequency from 399 to 375 Hz in Fig. ll(a) is the same as that without steady airloads. The best theoretical boundary in Fig. ll(a) is the one for which CL + AL is the steady state and CL + AL and fp = 375 Hz is the perturbation state. experimental one, the correlation is very good.
Comparing the best boundary with the
Effect of Number of Modes on Flutter Analysis
The theoretical results presented in Figs. 11 and 12 were obtained by varying the number of modes from 2 to 6 in the perturbation analysis. There is no appreciable effect on flutter speed by increasing the number of modes beyond two. In the other words, the flutter mode is a combination of first and second natural modes and there is very little participation of higher modes.
Correlation of Measured and Calculated Flutter Frequencies
Measured and calculated flutter frequencies for the configurations described in Fig. ll(a) are compared in Fig. 13 . In general the calculated flutter frequency is higher than the measured value. ment is better when second mode frequency is corrected to 375 Hz and when steady state aerodynamics are included. Even for this case the calculated flutter frequencies are approximately 7 percent higher than the measured ones. tion was noticed for other blade setting angles and for four-bladed cases, and they are not shown herein.
Correlation of Measured& Calculated Flutter Interblade Phase Angles
Another important parameter for propfan flutter is the interblade phase angle. The measured and calculated flutter interblade phase angles are shown for the eight bladed case in Fig. 14 . The interblade phase angle with respect to blade one is plotted against the blade number. The calculated interblad: blade phase angle, Fig. 14(a) , for 80.75R = 61.6 is 225 which corresponds to a three nodal diameter backward travelling wave.
The predominant measured value is also 225". ever, the measured value is slightly off from 225 for some blades. This is possibly caused by the slight frequency mistuning that is present in the rotor. The same type of correlation between theory and experiment was noticed at other rotational speeds and, hence, those results are not shown. However, for blade setting of 56.6', two interblade phase angles, 180' and 225' are present in the measured flutter mode as shown in Fig. 14(b) . The frequencies of the two interblade angle modes are slightly different. Surprisingly, theory also predicted the presence of the two interblade phase angles, and the correlation is extremely good. Furthermore, comparison of Figs. 14(a) and (b) shows that the flutter interblade phase angle is a function of blade setting ansle.
For the four bladed rotor the correlation between the measured and calculated interblade phase angles is very good. Here, the predominant interblade phase angle both in experiment and theory is 180' for all blade setting angles and
The correlation between theory and experi-A similar correlaHow; rotational speeds considered in Fig. 12 . These results are not shown because of space limitation.
Evaluation of Two-Dimensional Unsteady A e e r F 1 utter P r e d m o T --To assess the validity o f two-dimensional aerodynamic theory and the associated sweep correction, the real part of the eigenvalue of the critical mode calculated by using both two-dimensional and three-dimensional theories are compared in Fig. 15 . Also included in this figure is the measured flutter Mach number. In the ASTROP2 code, which uses two-dimensional aerodynamics, the reference line of the blade (Fig. 2(a) ) is somewhat arbitrary. Also, the sweep of each strip depends on the reference line. In the present calculations the leading edge is used as reference line. From the results it is evident that two-dimensional theory is less accurate than the three-dimensional theory in predicting flutter Mach number. lative studies were also conducted by varying freestream Mach number, blade sweep, rotational speed, and blade setting angle. from poor to good. conservative nature o f the two-dimensional theory did not prevail, possibly because of the arbitrariness of the reference line and the associated aerodynamic sweep correction. Hence, it is concluded that two-dimensional aero theory is adequate for conducting parametric studies and for initial design flutter calculations, but three-dimensional theory should be used for more accuracy.
Corre-
The correlation varied In some cases the expected CONCLUSIONS -____ A theoretical model and the associated computer program was developed for predicting subsonic flutter of propfans. Theoretical results were correlated with published measured data. studies and additional parametric results conducted lead to the following conclusions: These 1. In general, the agreement between theory and experiment in predicting flutter speeds and interblade phase angles is very qood. the predicted flutter frequencies with threedimensional unsteady aerodynamic theory are slightly higher than the measured ones in all the cases.
However, 2. The flutter speed predicted by two-dimensional aero theory is less accurate than that predicted by three-dimensional theory. It can be used for conducting parametric studies and for initial designs. However, the final design calculations should be done with threedimensional analysis. 
